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Asymmetric Turbulent Vortical Flows over Slender Bodies
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Time-accurate numerical solutions have been obtained for equations modeling turbulent subsonic flows over
a slender ogive-cylinder body of revolution in the high-angle-of-attack regime where a large asymmetry in the
mean flow has been observed experimentally. A modified algebraic eddy-viscosity turbulence model was utilized
to correctly compute the effects of the asymmetric vortices on the underlying viscous layers. To reproduce any
one of the experimentally observed asymmetric flowfields, it was found necessary to add a small geometrical
disturbance near the body apex. By determining an appropriate size of the disturbance, it was possible to obtain
excellent agreement between numerical results and experimental data for angles of attack of 30 and 40 deg,
Reynolds numbers of Reo = 3.0 x 106 and ReD = 4.0 X 106, and several roll angles. When the disturbance was
removed, the calculated flowfield returned to its original symmetric shape. These results are similar in behavior
to solutions obtained previously for laminar flows. As in the laminar case, results suggest that the origin of the
asymmetry is a convective-type instability of an originally symmetric flow.

Introduction

T HE flow around slender bodies of revolution at high
incidence has been the subject of a large number of

experimental and computational studies.1'15 The simplicity of
the geometries of slender bodies of revolution and their simi-
larities to the shapes of aircraft forebodies encouraged scien-
tists to choose them for basic research. However simple its
geometry, the flow developed around a body of revolution at
high incidence may be highly complex. High-angle-of-attack
flow is governed by large regions of three-dimensional sepa-
rated flow where the boundary layers leave the surface of the
body along lines of separation, and roll up on the leeward side
of the body to form strong, concentrated vortical flows. For a
typical sharp-nosed body, when the angle of attack is kept
below a ~ 20 deg, the mean flow in its wake remains symmet-
ric. When the angle of attack is increased, the mean flow
becomes asymmetric. As a result of the flow asymmetry,
significant side forces and yawing moments can be developed.

At still higher angles of attack above a « 30 deg, the flow
becomes highly sensitive to small changes in the geometry of
the body or the flow conditions, especially in the vicinity of
the tip. Experimental results1'4'6'7 also show that the asymme-
try (and therefore the side force and yawing moment) is highly
dependent on the roll angle of the body relative to the oncom-
ing flow (e.g., see Fig. 1 for angle of attack of a = 40 deg,
results extracted from Refs. 3 and 4). Recent experimental
studies6'7 have indicated that the dependency on the roll angle
originates from the sensitivity of high-angle-of-attack flow to
small surface imperfections near the body tip; even dust parti-
cles accumulating on the tip may alter the results.6
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Numerical simulations of flow asymmetry were successfully
computed in recent years12"14 for high-incidence subsonic lam-
inar flows. Besides the availability of experimental data, lami-
nar flow conditions were chosen in order to reduce the number
of parameters involved in the problem. It was shown numeri-
cally7'12"14 that, when a perturbation fixed in time and space
was introduced asymmetrically near the apex of an ogive-
cylinder body at angles of attack above 30 deg, the flowfield
became highly asymmetric. However, when the perturbation
was removed7'14 the flowfield returned to its original symmet-
ric shape. On this basis it was suggested12'13 that the asymmet-
ric flow had its origin in a convective instability of the origi-
nally symmetric flow. The concept of convective instability
was introduced by Briggs16 and Gaster.17'18 According to this
concept the flow is convectively unstable if the response at an
arbitrary point in space to a perturbation grows initially but
decays and vanishes with time after the perturbation is re-
moved.

In previous work, Degani and Schiff9>10 developed a modifi-
cation to the widely used Baldwin-Lomax eddy-viscosity tur-
bulence model, which rationally accounts for the presence of
the leeward-side vortex structure. Results for supersonic high-
incidence turbulent flow, obtained using a parabolized Navier-
Stokes method8 and the modified turbulence model, compared
favorably with experimental measurements. It was also shown
that the use of the modified turbulence model could be ex-
tended to obtain accurate computational results for high-an-
gle-of-attack subsonic11'15 flows without any further modifica-
tions. The subsonic cases were computed using a code based
on the time-dependent form of the Reynolds-averaged Navier-
Stokes equations. The computations indicated that adequate
grid resolution was required to resolve the details of both the
viscous boundary layer and the off-surf ace vortical flow.

Exp. (Lamont, 1982)
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Fig. 1 Side-force coefficient variation with nose roll angle;
Moo = 0.28, a = 40 deg (data extracted from Refs. 3 and 4).
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In the computation of the aforementioned turbulent flow
cases,9'10'11'15 it was assumed that the flowfields were symmet-
ric. This assumption can hold as long as the angle of attack is
sufficiently low. On the other hand, results of experiments1'7
show that for higher angles of attack the mean flow behind a
slender body is asymmetric, both for laminar and turbulent
flow conditions. In the current work we investigate the ability
of the modified eddy-viscosity model to simulate asymmetric
turbulent subsonic high-incidence flows. We utilize a time-
marching thin-layer Navier-Stokes code to compute a series of
subsonic turbulent flows over an ogive-cylinder for the follow-
ing flow conditions: M* = 0.2, angle of attack a = 30 deg,
ReD = 3.0 x 106 and ReD = 4.0 x 106; and M^ = 0.28, a = 40
deg, ReD = 3.0 x 106. It will be demonstrated that, as was
shown for laminar high-incidence flows,12'14 it is necessary to
add a space-fixed, time-invariant geometrical disturbance near
the tip in order to sustain a perturbation of the convectively
unstable symmetric flow that enables the flow to switch to a
stable asymmetric form.

Theoretical Background
Governing Equations and Numerical Algorithm

The conservation equations of mass, momentum, and en-
ergy can be represented in a flux-vector form that is conve-
nient for numerical simulation as19

+ Fv) Gv) + Hv) = 0 (1)

where r is time and the independent spatial variables £, 77, and
f are chosen to map a curvilinear body-conforming grid into a
uniform computational space. In Eq. (1), Q is the vector of
dependent flow variables; F = F(Q), G = G(Q), and H =
H(Q) are the inviscid flux vectors, and the terms Fv, Gv, and
Hv are fluxes containing the viscous derivatives. A nondimen-
sional form of the equations is used throughout this work.

For body-conforming coordinates and high- Reynolds num-
ber flow, if f is the coordinate leading away from the surface,
the thin-layer approximation can be applied, which yields20'21

dTQ (2)

where only viscous terms with f derivatives are retained. These
have been collected into the vector S and the nondimensional
Reynolds number Re is factored from the viscous flux term.

The implicit scheme employed in this study is the algorithm
reported by Steger et al.22 The algorithm uses flux-vector split-
ting23 and upwind spatial differencing for the convection terms
in one coordinate direction (nominally streamwise). By using
upwind differencing for the convective terms in the streamwise
direction and central differencing in the other directions, a
two-factor implicit approximately factored algorithm is ob-
tained. It has been shown that this algorithm is uncondition-
ally stable24 for a representative model wave equation.

In the present computations the flow at the outer boundary
of the computational grid was assumed to be the undisturbed
freestream. A no-slip condition was applied at the body sur-
face, and a simple zero-axial-gradient extrapolation condition
was applied at the downstream end of the computational
domain. An implicit periodic continuation condition was im-
posed at the circumferential edge of the grid.

Turbulence Model
The coefficients of viscosity and thermal conductivity that

are used in Eq. (2) are specified from auxiliary relations. For
laminar flow, the coefficient of viscosity is obtained using
Sutherland's law, and for turbulent flow the coefficient is
obtained from the eddy-viscosity turbulence model reported
by Degani and Schiff.9'10 The coefficient of thermal conduc-
tivity is obtained once the viscosity coefficient is known by
assuming a constant Prandtl number.

Degani and Schiff developed a modification for high-angle-
of-attack flows to the well-known Baldwin-Lomax20 algebraic
model (that was developed for two-dimensional boundary-
layer flows, and was based on the two-layer model reported by
Cebeci et al.25). The modification extends the model in a
rational manner to permit an accurate determination of the
viscous length scale for high-angle-of-attack flows in regions
of crossflow separation, where a strong leeward vortical flow
structure exists.

As proposed by Baldwin and Lomax,20 the turbulence
model requires the examination of a quantity containing the
local fluid vorticity magnitude to determine the length scale,
and thus the eddy viscosity coefficient. The modification
made by Degani and Schiff9'10 permits the examination proce-
dure to differentiate between the vorticity within the attached
boundary layers and the vorticity on the surfaces of separa-
tion, and thus to select a length scale based on the thickness of
the attached boundary layers rather than one based on the
radial distance between the body surface and the surface of
separation.

The modification can be easily extended for the case of an
asymmetric crossflow separation. The rationale for the modi-
fication can be understood if we examine the flow structure on
the leeward side of a body at incidence, shown schematically
in a crossflow plane in Fig. 2. One notes that, despite the
asymmetry, the topological structure of the flow in a cross-
flow plane remains the same as that in a corresponding sym-
metric flow,9'10'15 so that the previous description of the flow
will still hold with some minor modifications. The flow ap-
proaching the line of attachment near the windward plane of
symmetry turns and flows circumferentially outward and
downstream along the body from the windward toward the
leeward side under the action of circumferential pressure gra-
dients. Since the main component of the velocity is along the
body, a well-defined boundary layer is developed. On the
right-hand side, the boundary layer separates from the body at
05i, the primary separation line, and the fluid leaves the body
within a shear layer which rolls up to form a primary vortex
structure on the leeward side of the body. A similar primary
separation occurs on the left-hand side. The primary vortices
induce a flow toward the body surface, resulting in a line of
attachment somewhere between the lines of primary separa-
tion at <t> = 0,41. The induced downflow turns and flows cir-

Prlmary

Windward

Fig. 2 Schematic of flow structure in crossflow plane.
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Fig. 3 Detailed geometrical disturbance.

Fig. 4 Computed off-surf ace streamlines and helicity density con-
tours around an ogive-cylinder body; Moo = 0.2, a = 30 deg,
ReD = 3.0 X 106.

Fig. 5 Computed off-surface streamlines and helicity density con-
tours around an ogive-cylinder body; MX = 0.2, a = 30 deg,
ReD = 4.0 x 106.

cumferentially outward and downstream along the body sur-
face toward the low pressure region generated by the primary
vortices. Since the angle of attack of the body is large, and
thus the primary vortices are sufficiently strong, this induced
boundary-layer flow cannot negotiate the adverse circumfer-
ential pressure gradient it encounters beyond the low pressure
region of the primary vortex and it separates at </>52, the
secondary separation line. Once again, the fluid leaves the
body within a shear layer and rolls up behind the body to form
the secondary vortex structure. Another line of attachment is
located on the body surface between the primary and second-
ary separation lines, at </> = 4>A2. Similar behavior occurs on
the left-hand side. Under certain conditions a tertiary cross-
flow separation can occur. The vortex structure itself is essen-
tially inviscid and is dominated by convection of vortical fluid
generated within the viscous boundary layer at the body sur-
face rather than by production or dissipation of vorticity
along the surfaces of separation. Since the primary direction
of the viscous boundary layers is streamwise, it follows that all
these layers should be turbulent when the windward-side
boundary layer is turbulent.

Further discussion of the effect of the modifications on the
computed results are given in the discussion section. Technical
details of the model algorithm can be found in Refs. 9 and 10.

Results
A series of subsonic flows was computed about a tangent

ogive-cylinder body to illustrate the ability to simulate the
turbulent asymmetric flow using the modified turbulence
model and to explore the effect of tip disturbances on such
flows. In these computations the body had a 3.5-diam tangent
ogive forebody with a cylindrical afterbody extending aft of
the nose-body junction for 4.0 diameters. This body geometry
has been extensively tested by Lament4 in the Ames 12-ft
pressure wind tunnel, where detailed surface pressure distri-
butions were obtained at Reynolds numbers ranging from
ReD = 2.0 x 105 to ReD = 4.0 x 106 and at angles of attack
ranging from a = 20 to 90 deg.

Computations were carried out to simulate turbulent flow
about the tangent ogive-cylinder body at M^ = 0.2 and angle
of attack of a = 30 deg and at M*, = 0.28 and a = 40 deg.
These conditions were chosen to match those of the experi-
ment.4 Most of the computations were done using the modi-
fied9'10 turbulence model. All of the turbulence model parame-
ters, including the cutoff distance, were identical to the ones
used for the computation of subsonic high-incidence, symmet-
ric flows.15 The physical grid used for the computations con-
sisted of 120 equispaced circumferential planes extending
completely around the body. In each circumferential plane the
grid contained 50 radial points between the body surface and
the computational outer boundary and 59 axial points between
the nose and the rear of the body. The grid was clustered in the
radial direction to resolve the viscous layer near the body
surface. The nondimensional cylinder diameter was 1.0 and
the minimum radial grid spacing at the body surface was
0.00001 to maintain a value of y + <5 at the first shell of
points above the surface, and to have at least 20 grid points
within the viscous layer. Since a zero-gradient extrapolation
outflow boundary condition was used, the computed body
length was extended 3.0 diameters beyond the physical length
of the body to a total of 10.5 diameters to minimize the effect
of the outflow boundary.

To simulate a symmetry-breaking imperfection, a geometri-
cal disturbance was added near the body apex as can be seen
in Fig. 3. The height of the bump was varied from 0.00ID to
0.012Z) ( ~ 0.025-0.25 of the local diameter), where D is the
diameter of the cylindrical part of the body (the reader should
note that the length of the portion of the body shown in the
figure is <2% of the total body length). The numerically
simulated disturbance is intended to represent a lump sum of
small imperfections of the wind-tunnel model nose. The net
effect of such a sum of imperfections causes a different distur-
bance to the flowfield at each roll angle. The choice of the
axial location of the bump was based on previous numerical
simulations14 and experimental results7 which show higher
sensitivity of the flow when the disturbance is placed closer to
the apex. The size of the bump was chosen initially according
to the degree of asymmetry of the experimental results. With
the location fixed, the bump height was varied until the asym-
metry achieved in the computation matched the experimental
one. Implicit here is the assumption that a disturbance of a
particular size at a given circumferential position at the nose
will trigger a particular asymmetric flow. Thus a systematic
alteration of the size of that disturbance will eventually pro-
duce the particular asymmetric flow that was observed in the
experiment.

Although the imperfection is simulated by one disturbance
only, the size of the bump is of the same order of magnitude
as that of the experimental imperfections. A close examination
of the tip of an experimental model6 shows that its natural
distortion is of the same order as that of the bump of the
current calculation.

A time-accurate solution was computed starting from
freestream initial conditions, or from previous calculations.
The solution was considered to have converged to a steady
state after (L2NORM) dropped at least three orders of magni-
tude.
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Subsonic Ogive-Cylinder Flow at a = 30 deg
The computed off-surface streamlines for ReD = 3.0 x 106

and a = 30 deg are presented in Fig. 4. Also shown in Fig. 4
are computed helicity density26 contours in several crossflow
planes.

Helicity density is defined as

Hd = V • (3)
where V is the velocity and w is the vorticity. The helicity
density has recently been introduced as a tool for graphical
representation of three-dimensional flowfields that contain
concentrated vortices. The use of this quantity filters out the
flowfield regions of low vorticity, as well as regions of high
vorticity but low speed, where the angle between the velocity
and vorticity vectors is large (such as in the boundary layer).
Its use helps to identify and accentuate the concentrated vor-
tices, differentiate between primary and secondary vortices,
and mark their separation and reattachment lines. Calcula-
tions of helicity density were performed in a manner similar to
that of the flowfield calculations by using second-order finite
differences in a curvilinear coordinate system. Therefore,
these results have the same order of accuracy as those of the
flowfield calculations.

Although a small geometrical disturbance was placed near
the body apex (h/D = 0.0025), only a small asymmetry can be
observed, mainly along the aft part of the body. On the other
hand, when a larger disturbance was used (h/D =0.01), the
flowfield became highly asymmetric, as can be seen from the
computed off-surface streamlines and the computed helicity
density contours presented in Fig. 5. (Here the Reynolds num-
ber is ReD = 4.0 x 106 in order to match a different case of
Lament's experiments.4)

The differences between the small and large asymmetry can
be observed by comparing Figs. 4 and 5, especially by compar-
ing helicity density contours for the two computed cases at the
axial location of x/D = 6.0. From these figures one can see
the large asymmetry that the larger disturbance caused, and
the reader should keep in mind that the height of the larger
bump is only 1% of the cylinder diameter. Although with
monocolor helicity density contours it is impossible to distin-
guish between positive and negative values, each cross section
shows the existence of secondary as well as primary vortices.

The off-surface streamlines in Fig. 4 form two almost sym-
metric primary vortices that are located very close to the upper
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Fig. 6 Computed and measured circumferential surface pressure dis-
tributions on different cross sections of the body; M* = 0.2, a = 30
deg, ReD = 3.0 X 106; a) x/D = 2.0; b) x/D = 3.5; c) x/D = 5.0; d)
x/D = 6.0.
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Fig. 7 Computed and measured circumferential surface pressure dis-
tributions on different cross sections of the body; Moo = 0.2, a = 30
deg, ReD = 4.0 x 106; a) x/D = 2.0; b) x/D = 3.5; c) x/D = 5.0; d)
x/D = 6.0.
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Fig. 8 Side-force coefficient history; MX = 0.2, a = 30 deg, Ren
4.0 X 106.

surface of the body. On the other hand, the primary vortices
in Fig. 5 behave differently; the stronger primary vortex
(right-hand side in the cross sections) lies close to the upper
surface of the body, whereas the other primary vortex moves
upward away from the body. Toward the end of the body the
vortices become almost parallel to each other and almost
parallel to the freestream (which is a fact known from experi-
mental observation).

For the small disturbance the computed circumferential sur-
face pressure distributions at several axial locations on the
cylindrical portion of the body are shown in Fig. 6, along with
Lament's experimental data.4 For all axial locations excellent
agreement is shown, even for the downstream location of
x/D = 6.0, where significant asymmetry exists. The results
consistently show that the experimental measurements are
somewhat higher than the computational results on the wind-
ward side of the body. It has been suggested that this disparity
might have an experimental origin. The high-angle-of attack
flow condition may have directed the windward flow into the
pressure taps. Thus, the measured pressure may not have been
the surface static pressure, but rather some combination of the
surface static and dynamic pressures^

Results obtained with the larger disturbance are compared
to data from Lamont's experiment (at a different roll angle) in
Fig. 7. The Reynolds number of the computations is
ReD = 4.0 x 106 to match the Reynolds number of the experi-
ment. Here, the computed circumferential surface pressure
distributions on the cylindrical portion of the body show much
larger asymmetry. Again, excellent agreement with the experi-
mental data is obtained. Differences in the flow between this
case and the previous one (Fig. 6) are reflected in both the
measured and the computed values of the surface pressure
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Fig. 9 Computed off-surface streamlines and helicity density con-
tours around an ogive-cylinder body; A/<» = 0.2, a = 40 deg,
ReD = 3.0 X 106.

coefficients. For the small asymmetry case (Fig. 6), one vortex
is only slightly stronger than the other, and the difference
between the surface pressure coefficients on opposite sides of
the angle-of-attack plane is small. For the large asymmetry
case the differences in strength and position between the pri-
mary vortices are large, resulting in a large difference in the
surface pressure coefficients in the circumferential direction
(the most obvious difference is at xID =6.0). Close examina-
tion of Figs. 6 and 7 shows that the flows are asymmetric on
the windward side of the body (</> « 0 and 360 deg), as well as
on the leeward side.

Also noticeable in both cases is the ability of the numerical
solution to reproduce a significant feature of experimental
data, namely, the existence and behavior of a sharp local
minimum in surface pressure coefficient CP, which is caused
by the presence of the secondary vortex at </>« 180 deg. The
experimental data show that, as the circumferential position
of the secondary vortex changes on its path down the length of
the body, the position of the local minimum in Cp changes
with it, and both of these evolutions are captured faithfully by
the numerical results (Figs. 6 and 7).

On the other hand, a solution obtained for the same flow
conditions using the unmodified Baldwin-Lomax turbulence
model (Fig. 7) is far from satisfactory. Use of the unmodified
model in the vortex region yields values of the eddy-viscosity
coefficient that are too large, especially in the vicinity of the
farthest primary vortex. As a result this vortex becomes
weaker and the amount of asymmetry decreases substantially,
as can be seen from the dashed line in Fig. 7. It also can be
noted that with use of the unmodified model the effect of the
secondary vortex; i.e., the sharp local minimum in CP at
0 « 180 deg has almost completely vanished.

For laminar flows,7'14 removal of the disturbance after a
steady asymmetric flow had been attained resulted in a decay
of the asymmetry and return of the flow to a symmetric state.
By the following procedure it was confirmed that the results of
computations for turbulent flows behave in the same way.
Starting from the converged steady asymmetric case of a = 30
deg and ReD = 4.0 x 106, at a certain instant (taJD = 284 )
the disturbance was removed and the computation continued
to obtain the new steady-state solution. The side-force-coeffi-
cient history of this case is presented in Fig. 8. With increasing
time, the side-force coefficient converges toward zero and the
flowfield simultaneously becomes almost perfectly symmetric.

In contrast to the laminar flow calculations12'14 and experi-
ment,5 which show the existence of a high-frequency unsteadi-
ness of the shear layer, the turbulent cases presented in this
paper show no significant evidence of such unsteadiness.

From experiments,1"5'7 we know that the variation of the
side-force coefficient CY with roll angle position of the nose
has an upper bound. This implies that beyond a certain distur-
bance size the computed side force of the numerical simulation
should be bounded also. To confirm this, the bump height was
increased from 0.01Z) to 0.012Z). The initial condition was a
converged solution with the previous bump height. The results

are shown in Fig. 8. The solid line is the side-force coefficient
time history. The instant when the bump height was changed
(ta^/D — 315) is marked by a triangle. After a small oscilla-
tion, the side force converged to the same value that was
obtained for the 0.01Z) bump. This trend is consistent with the
experimental observations.

Subsonic Ogive-Cylinder Flow at a = 40 deg
Computed off-surface streamlines and helicity density con-

tours in several crossflow planes are presented in Fig. 9. The
flow conditions for this case were a. = 40 deg, M* = 0.28, and
ReD = 3.0 x 106. Although the flow asymmetry is relatively
large, only a small disturbance (h/D = 0.0014) was required
to produce an asymmetry that is similar to that of the experi-
ment.4 Figure 10 shows the computed circumferential surface
pressure coefficient distributions at several axial locations to-
gether with the experimental results. As was shown for the
case of a = 30 deg, excellent agreement is obtained for all axial
locations. The close agreement between the computed and the
experimental surface pressure coefficients in the vicinity of the
stronger secondary vortex (the sharp local minimum in CP at
0 « 180 deg in Fig. 10) should be noted again. As in the case
at a = 30 deg, use of the unmodified turbulence model would
have washed out any effect of the secondary vortex.

—— Computation
• Exp. (Lamont, 1982)

Circumferential angle (deg)

Fig. 10 Computed and measured circumferential surface pressure
distributions on different cross sections of the body; M<» = 0.2, a = 40
deg, ReD = 3.0 x 106; a) x/D = 2.0; b) x/D = 3.5; c) x/D = 5.0; d)
x/D = 6.0.

Fig. 11 Helicity density contours in the cross section at x/D = 6.0;
Moo = 0.2, a = 30 deg, ReD = 4.0 X 106.
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Discussion
To understand why the modified turbulence model gives

better results in comparison to the unchanged model (which
was developed for two-dimensional boundary-layer flows),
one can examine the flow structure at a typical cross section of
the flowfield. Figure 11 is a magnification of the helicity
density contours at x/D = 6.0 of Fig. 5, for the solution
obtained at angle of attack of 30 deg with the larger asymme-
try (Figs. 5, 7, and 8). The two primary vortices and the
secondary ones can be seen very clearly and obviously the flow
structure on the leeward side differs from the smooth, at-
tached flow of the windward side. As discussed in the Turbu-
lence Model paragraph of the Theoretical Background section
and in Refs. 9 and 10, the outer layer eddy viscosity coefficient

GOouter = (4)

where K and Ccp are constants, p is the mass density, FKieb is
the Klebanoff intermittency factor, and

17 • _ h /7-•wake — ''max-* max

Fmax is the maximum value of F(h):

F(h) =

(5)

(6)

where h is the radial coordinate measured from the body
surface, /zmax is h where Fmax is obtained, and A + is a con-
stant. The quantity h + is the normal law-of-the-wall coordi-
nate and is defined as

v-h (7)

where pw is the mass density at the wall, rw is the wall shear
stress, and /*„ is the viscosity at the wall. Several profiles of F,
taken along the rays indicated in Fig. 11, are presented in Fig.
12 as functions of h/D. It should be noted that the h/D axis

———— Modified model
———— Unmodified model

1<T5 KT4 10~3 10~2 10-
Radial location, h/D

10°

Fig. 12 The F's as functions of radial distance above the body sur-
face along the rays shown in Fig. 11; Moo = 0.2, a = 30 deg,
ReD = 4.0 x 106.

has a logarithmic scale, which means that the actual length for
each point is larger than its appearance in the figure. The
profile for </> = 0 deg (windward ray) has only one maximum,
and the unmodified and the modified models give identical
results. This profile is typical for attached boundary layers;
therefore, it is easy to determine the value of Fwake and from it
the value of the eddy-viscosity coefficient.

On the other hand, on the lee side of the body the profiles
of F show more than one peak due to the presence of the
vortices, as can be seen from Fig. 12 for circumferential angles
of </> = 153, 162, and 180 deg. Obviously, using the second or
the third peak to compute the eddy-viscosity coefficient for
the underlying boundary layer will result in too large a value.
Therefore, in the case of the modified model the search for a
maximum of F stops after the first peak. On the other hand,
in the case of the unmodified model computation, the addi-
tional viscosity washes out the details of the vortex structure;
therefore, a large change in the shape of the profiles of F can
be seen.

In all cases presented in this study it was found necessary to
add a small geometrical disturbance to the body, as depicted in
Fig. 3, in order to sustain the convectively stable asymmetric
mode. The shape and the circumferential location of the dis-
turbance were the same for all three cases, and the height of
the disturbance was the only parameter that was changed to
capture the desired asymmetry. The experimental data avail-
able to us for a = 30 deg were the two cases presented,
whereas for a. = 40 deg the available experimental data in-
cluded 12 different sets, each corresponding to a different roll
angle. For each of these cases, the sectional and the total side
force and the circumferential surface pressure coefficient dis-
tributions for cross sections along the body were different (see
Fig. 1). Although all three cases presented here show excellent
agreement between the computational and the experimental
results, the achievement of good agreement for cases involving
other roll angles might require changes in more than one
parameter. Such changes might include the axial location of
the disturbance, the circumferential location, or even the in-
troduction of one or several additional disturbances. With
more than one parameter in play, matching the influence of an
actual geometric disturbance will not be a trivial task. This
problem will become important if it is desired to predict the
asymmetric flow around a given body by means of computa-
tion. It will be necessary to know the exact geometry of the
body, including the shape of minute imperfections at the tip.
The computer simulation will then require sufficient grid reso-
lution to achieve as accurate as possible a reproduction of the
body geometry. In principle, achieving a perfect match be-
tween the numerically simulated body and the wind-tunnel
model should allow computational results to match experi-
mental data for every given roll angle.

Summary
Several high-incidence asymmetric turbulent flow cases

were computed. It was demonstrated that the modified turbu-
lence model can be utilized to accurately compute the complex
flow structure developed around bodies of revolution at high
incidence even when vortex asymmetry is present. Excellent
agreement between the surface pressure measurements and
computational results was demonstrated.

Analogous to the previous laminar flow calculations, it was
necessary to sustain the convectively stable asymmetry mode
by adding a small geometrical disturbance near the body apex.
Removal of the disturbance resulted in a return of the flow to
its original convectively unstable symmetric state. For flows at
a - 30 deg, it was necessary to use a relatively large distur-
bance in order to match the relatively small experimentally
observed asymmetry. For the flow at a = 40 deg, although the
experimentally measured asymmetry was relatively large, the
size of the disturbance required was much smaller compared
to the one required at a = 30 deg. This trend is consistent with
the trend of results obtained for laminar flow. In contrast to
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the previous calculations for laminar flow, no evidence of
shear layer unsteadiness was found in the present calculations.
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